Abstract-The flicker noise characteristics of strained-Si nMOSFETs are significantly dependent on the gate oxide formation. At high temperature (900 C) thermal oxidation, the Si interstitials at the Si/oxide interface were injected into the underneath Si-SiGe heterojunction, and enhanced the Ge outdiffusion into the Si/oxide interface. The Ge atoms at Si/oxide interface act as trap centers, and the strained-Si nMOSFET with thermal gate oxide yields a much larger flicker noise than the control Si device. The Ge outdiffusion is suppressed for the device with the low temperature (700 C) tetraethylorthosilicate gate oxide. The capacitance-voltage measurements of the strained-Si devices with thermal oxide also show that the Si/oxide interface trap density increases and the Si-SiGe heterojunction is smeared out due to the Ge outdiffusion.
I. INTRODUCTION

D
UE TO the mobility enhancement of strained-Si channels, the strained-Si MOSFETs have made great improvements on dc characteristics [1] , [2] . The conventional method to obtain the strain in Si is to utilize the lattice misfit between the relaxed SiGe and Si, and the Si-SiGe heterojunction is formed unintentionally underneath the device channel. The role of Ge may lead to the different electrical characteristics of the strained-Si devices. For the radio frequency applications, the low frequency noise behavior of the active device has great influence on the phase noise of an oscillator, but few literatures are on this issue. In this letter, the flicker (1/f) noise of the strained-Si nMOSFETs is investigated. As a result, the device process has significant effect on the flicker noise.
II. DEVICE FABRICATION
The schematic structure of the strained-Si nMOSFET is illustrated in Fig. 1 . The Si Ge graded buffer layer was expitaxially grown on a p-type Si substrate at 600 C. Silane and germane were used as the Si and Ge precursors, respectively, and the Ge content of the graded buffer increased from 0% to 20% over the thickness of 1 m. A 1-m-thick relaxed Si Ge layer was grown on the graded buffer layer, and a 20-nm strained-Si layer was grown on the uniform relaxed Si Ge layer. The surface roughness of the resulting strained-Si is nm after the device fabrication, measured by the atomic force microscope. All the epitaxial layers were prepared by the ultrahigh-vacuum chemical vapor deposition reactor. Both the strained-Si and the control Si nMOSFETs were fabricated by the same process with the 25-m gate width and the 0.8-m gate length. The maximum thermal budget is 960 C for 7 min. The tensile strain in the Si channel is %, measured by surface Raman spectroscopy [3] . The treading dislocation density on the strained-Si is cm , and almost no dislocation penetrates into the device with m and m. The effect of the threading dislocation can be neglected in these devices.
III. RESULTS AND DISCUSSION
The normalized input referred gate voltage noises (NS for both the strained-Si and the control Si nMOSFETs with rapid thermal oxidation (RTO) (5 nm at 900 C for 5 min) and deposited tetraethylorthosilicate (TEOS) oxide (30 nm at 700 C for 1 h) are shown in Fig. 2 . NS is independent of oxide thickness and is given by
where is the input referred gate voltage noise, is the drain current noise, is the transconductance, , and are the dielectric constant and thickness of the gate oxide, respectively.
is the equivalent oxide traps per unit area, and are channel width and length, respectively, and is frequency. Equation (1) devices are biased at triode region with the same (60 A) and very small (0.05 V) to maintain the similar condition as the extraction measurement (no lateral electric field in the channel). Even though the four devices are biased at different effective gate voltages NS is still comparable since the is normalized to the square of the transconductance ( dependence). Note that is only weakly dependent on the gate voltage when [6] . The measured transconductance is used in the NS calculation. Fig. 2 shows that for RTO gate oxide, the strained-Si MOSFET yields a higher NS than the control device at the same frequency, but for the TEOS gate oxide, the strained-Si MOSFET exhibits only a slightly higher NS than the control one. The results can be explained by the carrier number fluctuation theory and the Ge outdiffusion [7] . Since the NS is proportional to the in (1) and the is approximately proportional to the interface trap densities , the NS can be directly related to the . The of the four devices can be obtained from the high-low frequency capacitance-voltage (C-V) (Fig. 3) [8] . The order of the NS level in Fig. 2 is consistent with the level in Fig. 3 . For the control Si devices, the RTO device has lower and NS as compared to the TEOS device due to the high quality thermal oxide formation at 900 C. However, the strained-Si device with RTO oxide has the highest and NS due to the oxidation-enhanced Ge outdiffusion. At the high temperature RTO process, the Si-interstitials at Si/oxide interface were injected into the underneath Si-SiGe heterojunction, and the interstitials enhanced the Ge outdiffusion in the relaxed SiGe layer into the strained-Si/oxide interface. The Ge acts as a trap center. The traps near the strained-Si/oxide interface enhance the random trapping and detrapping processes of charges. The charge fluctuation induces the fluctuation of the surface potential and modulates the channel carrier density. As a result, the flicker noise of the strained-Si device with RTO oxide increases. The saturation drain current of the strained-Si device has a 35% increase and a % decrease at V as compared to the control device for TEOS and RTO oxides, respectively. The decrease of of the strained-Si device with RTO oxide as compared to the control device with the same RTO oxide also suggests that Ge traps can decrease the electron mobility. The mobility enhancement obtained by low temperature process has been reported previously [9] . Both the NS and are similar for the strained-Si and control Si devices with low temperature TEOS oxide. This indicates that for the low temperature (TEOS) process, the Ge outdiffusion at 700 C is not significant and the interface trap densities are almost similar for both the strained-Si and the control Si devices. Note that the Ge diffusion at 950 C without Si-interstitial injection can be enhanced for strained-Si [10] . This may be responsible for the slightly higher NS and of the strained-Si device with TEOS oxide as compared to the control Si device with the same TEOS oxide.
To further confirm the Ge outdiffusion, quasi-static (C-V) measurements of strained-Si devices with the TEOS and RTO oxide at room temperature are performed (Fig. 4) . For the strained-Si device with TEOS gate oxide, the hole confinement shoulder due to the strained-Si/relaxed SiGe heterojunction [11] is clearly observed in the C-V curves at the accumulation region ( V). The existence of the hole confinement shoulder is confirmed by quasi-static C-V measurements from room temperature to 230 C. However, for the strained-Si device with RTO gate oxide, no such hole confinement shoulder is observed. This indicates that the strained-Si/relaxed SiGe heterojunction of the RTO device is smeared out due to the Ge outdiffusion during the RTO process.
IV. CONCLUSION
Both the disappearance of hole confinement shoulder in the C-V measurements and the increase of and NS for the strained-Si device with RTO oxide indicate the Ge outdiffusion from the Si-SiGe heterojunction which smears out the abruptness of the heterojunction, and forms interface traps at the Si/oxide interface. The low temperature oxide is required to avoid the injection of Si-interstitials and the Ge outdiffusion.
